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Abstract Polybrominated diphenyl ethers (PBDEs) are
emerging pollutants widely distributed in aquatic environ-
ment. Although the bioaccumulation of this compound has
been well studied, few studies have investigated their im-
pacts on antitoxic systems of invertebrates, considering
both genders. Here, we have evaluated the effects of BDE-
47 and BDE-99 congeners on the antitoxic defence systems
of the freshwater amphipod Gammarus pulex, and espe-
cially on the multixenobiotic resistance (MXR) activity, as
well as the activities of two antitoxic enzymes, the glu-
tathione-S-transferase (GST) and the glutathione per-
oxidases (GPx). Results revealed that BDE-47 and BDE-99
have inhibited the MXR activity whatever the gammarid
gender, which could lead to a reduction of the pollutant
elimination from the organism. In addition, a gender-biased
response and a congener-biased effect on the antitoxic
enzymes activities were observed. Indeed, both BDE con-
gener exposures increased the GST activity in males,
whereas in females, only BDE-99 congener modified this
activity by decreasing it. On the contrary, BDE exposures
did not impact the GPx activity in females, while in males
BDE-99 has increased it. Results of the present study
highlight that a PBDE exposure at 0.1 lg L-1 modify an-
titoxic enzymes activities differently according to gender,
which could lead to a change in G. pulex sensitivity on the
long term. Finally, this work confirms the ecotoxicological
implication of gender in the pollutant toxicity assessment,
in order to evaluate impact on populations.
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Introduction
Polybrominated diphenyl ethers (PBDEs) are compounds
widely included to product compositions such as plastics,
textiles or electrical equipment, due to their flame retardant
properties (Alaee et al. 2003). Since 2004, PBDEs are
banned in Europe and listed as priority substances within
the European Union Water Frame Work Directive (Co-
query et al. 2005), and, in 2009, the Stockholm Convention
on Persistent Organic Pollutants included PBDEs as
xenobiotics that can cause risk to human health and to the
environment, thus toxicity evaluation of these compounds
is necessary. Unfortunately, the release of PBDEs in
ecosystems continues due to their presence in products
currently in use and new products manufactured using re-
cycled PBDE-containing material (La Guardia et al. 2006).
It has been shown that PBDEs, especially BDE-47 and
BDE-99 congeners, bioaccumulated in several aquatic or-
ganisms such as fish or bivalves (Gustafsson et al. 1999;
Lema et al. 2007; Parolini and Binelli 2012), but also
amphipod (Tlili et al. 2012; Gismondi and Thome´ 2014;
Lebrun et al. 2014). Despite these observations, only few
studies have investigated PBDEs toxic effects on inverte-
brates. Barsˇien _e et al. (2006) have observed the induction
of nuclear injuries in the gill tissue of the blue mussel
Mytilus edulis exposed to 5 lg L-1 of BDE-47 for
3 weeks. These authors have also described an increase of
micronuclei frequency as well as inductions of bi-nucleated
and fragmented-apoptotic cells and nuclear buds. An in-
crease of the micronuclei proportion was also observed in
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the bivalve Dreissena polymorpha exposed to BDE-47
(Parolini and Binelli 2012). In the same organism exposed
to BDE-154, Parolini et al. 2012) have highlighted an in-
crease of antitoxic enzymes activities, such as superoxide
dismutase and glutathione peroxidase (GPx), but also an
inhibition of other enzymes such as catalase and glu-
tathione S-transferase.
Among freshwater species, Gammarus sp. is a suitable
organism for ecotoxicological assessment of environmental
pollutants at a large scale because they are present in most
rivers in Europe (Ja _zd _zewski 1980). In addition, many
ecotoxicological studies have been conducted with gam-
marids as model to evaluate pollutants impacts (Leroy et al.
2010; Gismondi et al. 2013; Gismondi and Thome´ 2014;
Lebrun et al. 2014), and some antitoxic defences have been
developed in Gammarus sp. as biomarkers (Geffard et al.
2007; Lacaze et al. 2011; Sroda and Cossu-Leguille 2011;
Gismondi et al. 2012). However, to our knowledge, no
study has been devoted to investigate PBDEs effects in
Gammarus sp. and especially on antitoxic defence systems.
In the present study, we investigated the effects of the
two major PBDEs congeners bioaccumulated in G. pulex:
the 2,20,4,40-tetrabromodiphenyl ether (BDE-47) and
2,20,4,40,5-penta-bromodiphenyl ether (BDE-99), on the
antitoxic defence systems of the freshwater amphipod G.
pulex. There are several mechanisms of antitoxic defence
which allow organisms to cope with environmental
stresses. In a first experiment, we investigated the multi-
xenobiotic resistance activity (MXR), which allows the
elimination of xenobiotics, and considered as a general
first, rather non-specific, line of defence against environ-
mental contaminant (Timofeyev et al. 2007). In addition,
MXR could also be involved in the transport of me-
tabolized xenobiotics out of cells and thus, which is
sometimes called the Phase III biotransformation. There-
fore, it has been demonstrated that MXR is induced in
organisms exposed to certain toxic compounds (Bard 2000;
Pain and Parant 2007; Timofeyev et al. 2007). In a second
experiment, two antitoxic molecular biomarkers were in-
vestigated. We measured the glutathione-S-transferase ac-
tivity (GST) which is a well-known Phase II detoxification
enzyme involved in the conjugation of organic con-
taminants (e.g. PAHs) with reduced glutathione, to protect
cells against damages (van der Oost et al. 2003). In addi-
tion, as PBDEs can induced the production of reactive
oxygen species (ROS) which are deleterious to organisms
(Blanco et al. 2012), we measured the total GPx involved
in the reduction of cell damage due to ROS (Livingstone
2003). Previous studies have shown changes of these en-
zyme activities in aquatic organisms exposed to PBDEs.
For example, Parolini et al. (2012) have demonstrated an
increase and a decrease of GPx and GST activities, re-
spectively, in the bivalve D. polymorpha exposed to BDE-
47. Conversely, Ghosh et al. (2013) have described an in-
duction of the GST enzyme activity in the fish Trematomus
bernacchii exposed to a PBDE mixture. However, in these
studies the gender of organisms has not been taken into
account, while it has been defined as a confounding factor.
In addition, our previous study demonstrated differences in
the PBDE bioaccumulation according to the gender, but
also according to the BDE congener (Gismondi and Thome´
2014). Based on these observation, we hypothesized that
antitoxic defences can be differently impacted, according
to gender and PBDE congener. Therefore, in this study, all
measurements were performed in males and females
separately, in order to assess the toxic effects of BDE-47
and BDE-99 on three important mechanisms of defence.
Moreover, the same concentration of PBDEs was chosen
primarily to compare the toxicity of congeners.
Materials and methods
Sample collection
Free G. pulex (i.e. not in amplexus position) were collected in
the Blanc-Gravier brook (Lie`ge, Belgium). Adult males
(±10 mm in length) and non-ovigerous females (±7 mm in
length) were sorted out on the spot, thanks to gnathopods size
which are larger in males than in females, and transferred to
the laboratory in brook water. In the laboratory, males and
females were maintained separately at 15 C in large aerated
aquaria and fed ad libitum with alder leaves, until the MXR
and antitoxic enzymes experiments were performed.
In this study, the same concentration of BDE-47 and
BDE-99 was chosen in order to focus on the comparison of
the congener effects on antitoxic defences. The PBDE
concentration was chosen to be environmental relevant
according to previous studies which have indicated that
PBDE level in environment (e.g. freshwater, sediments)
could exceed 1 lg L-1 (Anderson and MacRae 2006).
PBDE concentrations were verified using high-resolution
gas chromatograph equipped with a Ni63 ECD detector.
Experiment 1: MXR activity
MXR activity assessment was carried out according to
Timofeyev et al. (2007). The MXR activity is based on the
uptake/efflux of rhodamine B (Smital and Kurelec 1998)
which was determined by its residual concentration in the
tissues of gammarids after specific incubation time.
Gammarus pulex males and females were kept
separately in a rhodamine B solution of 1 mmol L-1 for
1 h. During this time, rhodamine B accumulated in G.
pulex. Then, gammarids were rinsed at least three-times
with clean water (Volvic, France) before exposure. Five
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individuals of each gender were frozen individually and
kept at -80 C for control pre-exposure (test 0 h). The
remaining G. pulex were distributed in each exposure
conditions. Five males and females were placed indi-
vidually in 20 mL of Volvic water (negative control
group), while five males and females were exposed indi-
vidually to 20 mL verapamil 50 lM (positive control
group), 20 mL BDE-47 at 0.09 ± 0.014 lg L-1 or 20 mL
BDE-99 at 0.091 ± 0.01 lg L-1, for 24 h. Verapamil was
used as positive control due to its blocking action of the
MXR pump (Eufemia and Epel 1998). Experimental design
was carried out five-times to study MXR activity after 1, 3,
6, 9 and 24 h of exposure. After each exposure time, in-
dividual males and females of each exposure group were
removed, and kept frozen to -80 C until analysis.
For the rhodamine B concentration assessment, animals
were dried at 30 C for 24 h and homogenized in deionised
water (milli-Q). Samples were centrifuged 3 min at
1000 rpm, and the supernatant was used to estimate the
rhodamine B concentration by fluorescence using 535 nm/
590 nm as excitation and emission filters. All measure-
ments were carried out in triplicate, and the average was
used to calculate the Rhodamine B concentration. Rho-
damine B concentrations were calculated using a standard
curve and expressed in nmol mg-1 dry weight.
Experiment 2: GST and GPx activities
Contaminations were performed in glass Petri dishes
(100 mm diameter and 20 mm high), previously saturated
with the corresponding tested solution for 3 days, to avoid
BDE adsorption during the gammarids exposure. For each
tested conditions, six replicates of five G. pulex males or
females were exposed for 96 h at 15 C with a photoperiod
of 16 h light and 8 h darkness, and without food. The
40 mL volume of exposure medium was renewed daily in
order to maintain a constant BDE concentration over the
experiment (BDE-47: 0.11 ± 0.010 lg L-1 and BDE-99:
0.097 ± 0.011 lg L-1), and to avoid BDE degradation due
to the photoperiod light. At the end of the exposure, six
pools of five G. pulex males or females were constituted for
each tested condition, frozen in liquid nitrogen and stored
at -80 C until enzymatic analyses.
Sample homogenates were prepared as described in Gis-
mondi et al. (2012). Total GPx activity assessment was
adapted from Correia et al. (2003) using cumene hydroper-
oxide (CuOOH 18 mM) as substrate. Reaction cocktail was
supplied with reduced glutathione (32 mM), NADPH (2 mM)
and glutathione reductase (16 U mL-1). The activity was
monitored by following the decrease in NADPH concentra-
tion at 340 nm for 2 min. Activity was calculated using the
NADPH molar extinction coefficient (e = 6300 M-1 cm-1)
and expressed in nmol NADPH min-1 mg protein-1.
Glutathione-S-transferase activity assessment was
adapted from McLoughlin et al. (2000) using 1-chloro-2,4-
dinitrobenzene (CDNB 40 mM) as substrate. Reaction
cocktail was supplied with reduced glutathione (20 mM)
and activity was monitored by following the increased of
the CDNB-GSH complex concentration at 340 nm for
2 min. Activity was calculated using the CDNB molar
extinction coefficient (e = 9.6 mM-1 cm-1) and ex-
pressed in nmol min-1 mg protein-1.
Total protein content was measured according to the
method of Bradford (1976) using bovine serum albumin as
standard.
Statistical analysis
All data met normality and homogeneity of variance as-
sumptions (Shapiro and Bartlett tests, p [ 0.05). Our data
were analyzed by using a univariate analysis of variance
(ANOVA) to test the effect of PBDE congeners, gammarid
gender, time of exposure and their interactions. Then,
TukeyHSD post hoc tests were used to describe significant
differences. All tests were performed with a 5 % type-I
error risk, using Statistica 10 Software.
For the sake of clarity of the MXR activity results
(Fig. 1), only the significant differences to respective
controls, in a same exposure time, have been indicated. All
the rhodamine B concentrations measured in exposed G.
pulex males and females were significantly different to the
respective test control (T0).
Results
Experiment 1: rhodamine B assay
The MXR activity measurement is based on the up-
take/efflux of rhodamine B, determined by the residual
rhodamine B concentration in gammarids tissues. Results
revealed that the residual rhodamine B concentration was
time- and gender-dependent, as well as significantly dif-
ferent according to exposure (Table 1; Fig. 1).
In control groups, whatever the gender, a significant
decrease of Rhodamine B concentration after 1 h of ex-
posure was measured, followed by a slow decrease (from 1
to 24 h). It was also observed that a 6 h exposure to clean
water was necessary to halve the residual rhodamine B
concentration in males (Fig. 1a), while in females, a 3 h
exposure to clean water was sufficient (Fig. 1b). To con-
firm that the rhodamine B was expulsed by the MXR pump,
a positive control was carried out with verapamil exposure.
Results revealed that in the presence of verapamil,
whatever the gender and the time of exposure, rhodamine
B concentrations were significantly higher compared to
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their respective controls. Indeed, 24 and 9 h of exposure
were necessary to expulse at least 50 % of the rhodamine B
out of the organism, in males and females respectively.
In males exposed to BDE-47 and BDE-99, rhodamine B
concentrations were not significantly different but tend to
be higher than respective controls, except for 24 h of ex-
posure, where rhodamine B concentrations were sig-
nificantly higher than negative and positive controls
(Fig. 1a). On the contrary, in females exposed to BDE-47
and BDE-99, significant differences were observed imme-
diately after 1 h of exposure and all along the exposure
time, as compared to respective negative controls (Fig. 1b).
Indeed, whatever the exposure time, rhodamine B con-
centration in females exposed to BDE-47 or BDE-99 were
significantly higher than those in controls. Finally, what-
ever the gender, no significant differences were observed
between rhodamine B concentration in BDE-47 exposed
organisms and BDE-99 exposed organisms.
Experiment 2: antitoxic enzymes activities
GST and GPx activities were measured in males and fe-
males after 96 h of exposure to BDE-47 and BDE-99 at

























































































Fig. 1 Residual rhodamine B
concentration in Gammarus
pulex males (a) and females
(b) exposed to BDE-47 and
BDE-99 0.1 lg L-1 at
according to the time of
exposure. For each time of
exposure, asterisks represent
significant differences as
compare to respective negative
control (n = 10, mean ± SD,
Tukey’s HSD test, p \ 0.05)
Table 1 Univariate analyses of
variance (ANOVA)
investigating variations in
rhodamine B concentration in
G. pulex males and females
according to exposure
conditions (exposure), gender
and time of exposure
Significant p-values are in bold
Source of variation Sum of squares d.f. Mean of squares F p values
Time 3.78207 4 0.94552 278.97 <0.001
Exposure 1.06767 3 0.35589 105.00 <0.001
Gender 0.78775 1 0.78775 232.42 <0.001
Time 9 exposure 0.53841 12 0.04487 13.24 <0.001
Time 9 gender 0.11254 4 0.02814 8.30 <0.001
Exposure 9 gender 0.05582 3 0.01861 5.49 0.001
Time 9 exposure 9 gender 0.20372 12 0.01698 5.01 <0.001
Residuals 0.54229 160 0.00339
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that females had significantly higher GST and GPx ac-
tivities than males. In males, GST activity was increased
whatever the PBDE congener (Fig. 2a). Indeed, as com-
pared to male controls, the GST activity in organisms ex-
posed to BDE-47 and BDE-99 increased by 33 and 53 %,
respectively. In contrast, no difference was observed in
females exposed to BDE-47 as compared to control ones,
whereas a decreased of 16 % was measured in BDE-99
exposed females (Fig. 2a).
For GPx activity measurement, no difference was ob-
served between males exposed to BDE-47 and controls,
while a significant GPx activity increase of 45 % was ob-
served in males exposed to BDE-99. Conversely, in fe-
males, no significant activity modifications were measured
after BDE-47 and BDE-99 exposures (Fig. 2b).
Discussion
The present study was devoted to the investigation of the
effects of two different PBDE congeners, the 2,20,4,40-
tetrabromodiphenyl ether (BDE-47) and 2,20,4,40,5-penta-
bromodiphenyl ether (BDE-99), largely accumulated by
aquatic organisms, on the three antitoxic defenses in the
freshwater amphipod G. pulex. As previous studies have
highlighted different biological responses between males
and females (Gismondi et al. 2013; Gismondi and Thome´
2014), measurements were assessed according to G. pulex
gender.
In a first experiment, the effects of PBDEs on the MXR
activity was studied by measuring the residual rhodamine
B concentration in G. pulex. Results highlighted gender-
differences in all exposure conditions. Indeed, in negative
control group, a decrease of the residual rhodamine B
concentration was observed according to the time of ex-
posure. Results revealed a higher rhodamine B elimination
after 1 h of exposure (i.e. high difference between rho-
damine B concentrations at T0 and 1 h) than after others
time of exposure (e.g. 1 vs. 3 h). These observations sug-
gest a rapid response of antitoxic defenses in organisms
from the beginning of the contamination (1 h) and con-
tinuous mobilization during the exposure (from 3 to 24 h).
The time-decrease relationship was also observed by Ti-
mofeyev et al. (2007) in two freshwater amphipods,
Eulimnogammarus cyaneus and E. verrucosus, in control
condition. The negative control conditions can be consid-
ered as an additional depuration period of the organisms
after being placed in a rhodamine B solution. Based on this
observation, our results are similar to those of Pain and
Parant (2007) which observed a decrease of the residual
rhodamine B concentration in D. polymorpha after a
laboratory depuration period of 8 days. Moreover, our
control results have shown that the decrease has taken
longer in males than in females suggesting that detoxifi-
cation is more efficient in females by using the MXR
pump. Indeed, a 6 h exposure of males in clean water was
necessary for a reduction of 50 % of the rhodamine B
concentration, whereas a 3 h exposure was enough for fe-
males. More efficient detoxification in females was already
highlighted in previous studies which have demonstrated
higher antitoxic defense (e.g. antitoxic enzymes, an-
tioxidant compounds) in females than males (Sroda and
Cossu-Leguille 2011; Gismondi et al. 2012; Gismondi
et al. 2013). Energy reserves in amphipod (e.g. lipid con-
tent) might be one of the contributing factor for the ob-
served gender-biased differences in MXR activity. Indeed,
it is well known that females contain higher energy re-
serves than males (Gismondi et al. 2012), probably to en-
sure reproduction processes (i.e. oogenesis more costly
than spermatogenesis). This suggests a higher energy
metabolism in females, resulting in higher ATP production
that could explain the high MXR activity in the first hour of
exposure, since MXR pump is ATP-dependent.
To demonstrate that the reduction of rhodamine B
concentration in gammarids was due to the MXR pump and
not only to diffusion, the organisms were exposed to ver-
apamil known to inhibit the MXR activity. In fact, the




























































Fig. 2 Glutathione-S-transferase activity (a) and glutathione per-
oxidases activity (b) in Gammarus pulex males and females exposed
for 96 h in BDE-47 or BDE-99 at 0.1 lg L-1. Different letters above
the bars indicate significantly different values (n = 6, mean ± SD,
Tukey’s HSD test, p \ 0.05)
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according to time of exposure was slower with verapamil
than in negative control, regardless of gender; which is in
agreement with results of Kurelec et al. (1995, 1996) in the
marine snail, Monodonta turbinata and the mussel Mytilus
galloprovincialis, respectively. Moreover, our verapamil
exposure results shown that males need 24 h to decrease
the residual rhodamine B concentration more than by half,
while a 9 h exposure is enough to females for halving this
concentration. The fact that the rhodamine B elimination
was blocked by verapamil supports previous studies
showing that this defense mechanism is due to a P-glyco-
protein activity which has broad substrate specificity
(Eufemia and Epel 1998). In addition, Eufemia and Epel
(2000) have observed an increase of the P-glycoprotein in
the mussel Mytilus californianus exposed to 1 and 5 ppm
of pentachlorophenol and chlorthal. Our results and pre-
vious cited studies suggest that a similar P-glycoprotein
mechanism is present in G. pulex amphipod, as it has also
been hypothesized by Timofeyev et al. (2007) in others
amphipod species.
Rhodamine B concentrations in organisms exposed to
BDE-47 or BDE-99 were also decreased according to time
of exposure; however, the pattern of detoxification was
more close to those obtained with verapamil exposure than
in control groups. Indeed, whatever the time of exposure,
the residual rhodamine B concentration measured in gam-
marids exposed to PBDE was higher than concentrations
measured in negative controls. These observations high-
light that BDE-47 and BDE-99 affect the MXR activity and
thus the defense mechanism of G. pulex. In addition, it
seems that there was no effect of the PBDE congener as it
has been shown in our previous studies on the activities of
enzymes involved in the molt of G. pulex (Gismondi and
Thome´ 2014). Our results are in agreement with several
studies which have demonstrated a MXR activity modifi-
cation in organism exposed to pollutant. For example,
Luckenbach et al. (2004) have shown an inhibition of the
MXR activity by musk ketone and musk xylene in gill
tissue of mussel Mytilus californianus; whereas Franco
et al. (2006) have demonstrated an activation of the MXR
pump in the gill tissue of the brown mussel Perna perna
exposed to zinc. However, our results don’t allow to con-
clude on the PBDE toxicity mechanism, because at this
point, it is difficult to know if the MXR inhibition is due to
the chemosensitivity of BDE-47 and BDE-99 for
P-glycoprotein which could lead to block the MXR pump,
or due to an inhibition of the P-glycoprotein synthesis. For
example, Eufemia and Epel (2000) have demonstrated that
organic xenobiotics (i.e. pentachlorophenol and chlorthal)
induce the P-glycoprotein expression in M. californianus,
thus explaining the decrease of rhodamine B in the gills.
In a second experiment, we have tested the effects of
BDE-47 and BDE-99 on the activities of two detoxification
enzymes (i.e. GST and GPx) after 96 h of exposure.
Gender-differences observed in control groups are in
agreement with the study of Sroda and Cossu-Leguille
(2011) who have demonstrated higher antitoxic enzymes
activities in gammarid females than in males. In the present
study, GST activities in G. pulex exposed to BDE-47 and
BDE-99 were also gender-dependent. Indeed, whatever the
congener, GST activity increased in males, whereas in fe-
males, BDE-47 did not changed the GST activity and BDE-
99 have inhibited it. Males results could be explained by an
increase of the detoxification process, due to the fact that
GST are phase II detoxification enzymes involved in the
detoxification of organic compounds, thanks to the conju-
gation process with glutathione (Sheehan et al. 2001). Our
results in males are in agreement with those of Xie et al.
(2014) who have measured an activation of the GST en-
zyme in Carassius auratus exposed to BDE- 47 and BDE-
99 in mixture to BDE-209; but also with results of Ghosh
et al. (2013) who have highlighted an increase of GST
activity in T. bernacchii exposed to PBDE mixture. How-
ever, in females of our study, GST activity exhibited no
modification under BDE-47 stress but a significant inhibi-
tion when exposed at BDE-99, similarly to what Parolini
et al. (2012) observed in D. polymorpha exposed to BDE-
154. Results in exposed females were surprising due to fact
that GST activity has been shown to increase in organisms
exposed to toxic organic compounds such as PAHs, dioxins
or PCBs assessment (van der Oost et al. 2003). The lack of
GST induction in exposed females suggests involvement of
another mechanism of defense as for example EROD/
MROD enzyme. On the other hand, the absence of GST
response in females could be linked to PBDE effect on the
reduced glutathione (GSH) compound. Indeed, GST en-
zyme used GSH as substrate, thus a modification of the
GSH concentration (here, for example, a reduction) could
change the GST activity (here, an inhibition).
Like for GST, GPx activities measured were congener-
dependent. Indeed, results revealed no significant differ-
ences when G. pulex was exposed to BDE-47, whatever the
gender, whereas BDE-99 exposure caused an increase of
GPx activity in males. Although, few studies have inves-
tigated the effect of PBDE on GPx activities in inverte-
brate, an increase of GPx activity was measured in D.
polymorpha exposed to BDE-154 Parolini et al. (2012).
GPx is an antioxidant enzyme involved in the degradation
of hydrogen peroxide (H2O2), a ROS generated by the
dismutation of superoxide radical by the superoxide dis-
mutase. Our results in males exposed to BDE-99 suggest
that this congener could induce the production of ROS, and
thus, as stated by Parolini et al. (2012), the GPx increase
observed could be an indirect consequence of the early
SOD activity, which has formed H2O2. However, this hy-
pothesis remains to be confirmed with the measurement of
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other enzymes of antioxidant systems (e.g. SOD, catalase),
as well as the measurement of the ROS formation.
Conclusions
To our knowledge, this study was the first to investigate
PBDE effects on antitoxic defences of an amphipod gam-
marid G. pulex, and especially on the mutlixenobiotics re-
sistance (MXR), glutathione S-transferase (GST) and GPx.
Results revealed that BDE-47 and BDE-99 exposures at an
environmental concentration (i.e. 0.1 lg L-1) have affected
the antitoxic defences, but differently according to the con-
gener and the individual gender. It appeared that, whatever
the congener and gender, MXR pump was blocked, leading
to a reduction of the efflux activity to detoxify organism (i.e.
toxic elimination). In addition, GST and GPx activities were
altered by the two congeners in males, while no enzymes
activities changes were observed in females, suggesting a
better resistance of females. Therefore, this work confirms
the importance to study ecotoxicological effects of pollution
on both genders to have an overview of xenobiotics effects
on the population. Indeed, when females are more sensitive
in some polluted environments, the population decline can
take place faster, and therefore, can lead to disrupt the
functioning of ecosystems.
Finally, although this work underlined PBDE toxicity in
G. pulex, these results give no information on the
mechanism of action of these pollutants. In future studies,
and to go further in assessing the toxicity of PBDEs, it
could be interesting (i) to study a range of PBDE con-
centrations to investigate dose–response relationships and
additional time of exposure to confirm the involvement of
these antitoxic defenses in PBDE exposures, and (ii) couple
this antitoxic enzymes assessment to a proteomic approach
in order to study all protein modifications.
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